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Innovative multidisciplinary approaches consisting of chemotherapeutic, (interventional) radiological, and surgical regimens have led to a better long-term survival of patients with visceral malignancies. In metastatic bilobal colorectal liver disease, for example, oncosurgery approaches in multidisciplinary teams may lead to complete tumour resection in patients initially classified as non-resectable \[[@B1]\]. Against this background, surgeons are being confronted with an increasing demand for more complex and more frequent surgical tumour resections in patients with extended tumour spread.

Advances in surgical techniques, research, and perioperative medicine have led to reduced morbidity and mortality in patients undergoing major abdominal surgery. From the surgeon\'s point of view, however, it will be an increasing challenge to find the appropriate balance between oncological correctness and safety in an extended tumour resection. Pre- and intraoperative image guidance will be an essential tool to ensure the best possible oncological result without sacrificing the patientss\' safety.

With the increasing implementation of laparoscopic approaches and the associated loss of tactile sensation, intraoperative image guidance will be an important tool for selecting the correct oncological procedure. Especially in oncological liver surgery, image guidance is indispensable. Ideally, image guidance should replace tactile sensation in guiding the liver surgeon. This article focuses on various aspects of image guidance in oncological liver surgery.

Preoperative Image Guidance and Surgical Planning {#sec1_2}
=================================================

The role of preoperative imaging in oncological liver surgery has shifted from pure detection of malignant lesions and the vague assessment of resectability towards an exact definition of the surgical strategy based on computed tomography (CT) and magnetic resonance imaging (MRI). Impelled by the surgeon\'s wish to reduce the patient\'s exposure to risks entailed by liver surgery (i.e. intraoperative bleeding, postoperative liver failure, bile leakage, etc.), and in order to optimise individual surgical planning, three-dimensional computer-assisted surgical planning (3D-CASP) has been established as a valuable additional modality. Particularly for liver surgeons, 3D imaging is appealing because of the complex 3D anatomy of the human liver.

The optimum surgical strategy includes not only the determination of the exact parenchymal transection course and the planning of vascular or biliary reconstructions but also the choice between a laparoscopic or an open approach. For complex liver resections (extended right or left hepatectomies, trisectionectomies, repeated liver resections) an exact knowledge of the intrahepatic vascular (arterial, portal, and hepatic venous) and biliary anatomy, which varies in the liver to a significant extent, is essential; this can reduce the incidence of postoperative complications such as biliary leakage, segmental devascularisation, or impaired venous drainage and the resulting loss of functional capacity of the remnant liver. Radtke et al. \[[@B2]\] have described a series of 202 consecutive hepatectomies in which information gathered from additional 3D-CASP, in comparison with conventional two-dimensional (2D) CT data, changed the surgical strategy in 33% of the patients. The preoperative switch in surgical approach included i) expansion of the resection, ii) planning of intrahepatic vascular reconstruction, and iii) complete change in the surgical strategy. In particular, 3D-CASP has been shown to be useful in the planning of extended left hepatectomies and repeated liver resections. Figure [1](#F1){ref-type="fig"} shows a 3D model of a liver highlighting risk structures close to the planned parenchymal transection line.

Within emerging multidisciplinary treatment modalities, neoadjuvant chemotherapy regimens are being developed as effective therapeutic tools. 'Complete' clinical response rates are seen more frequently, leading to vanishing lesions, which can neither be seen by intraoperative ultrasound (IOUS) nor be palpated. Owing to the high rate of intrahepatic recurrence, a surgical resection should still be performed, and this needs exact preoperative image guidance \[[@B3]\].

3D modelling requires powerful software packages in order to generate individual liver models that reflect the complex anatomical structure of each patient\'s liver. The requirements of the raw data for 3D-CASP have been outlined in a review article by Chopra et al. \[[@B4]\]. Until now, CT datasets have generally been used for 3D modelling; however, MRI datasets can be used as well and, looking ahead, 3D modelling from MR images should be implemented as a standard procedure due to the low exposure to radiation that it entails. In support of the extensive use of MRI, it is not only the patientss\' non-exposure to radiation that counts; intraoperative MRI also appears to be the only acceptable modality for surgeons and operating room personnel, with regard to both imaging quality and radiation exposure. These factors will increase in importance against the background of the fact that intraoperative imaging, in so-called hybrid operating theatres, is becoming more and more important and probably will become the standard -- not only in neurosurgery but in operating theatres in general -- within the next 15 years.

Assuming that the source datasets will be generated by MRI in the future, the requirements for the software packages will be even more challenging since MRI data of the liver are less uniform, owing to multiple varying sequence parameters \[[@B4]\]. Beside the avoidance of radiation exposure, an additional important advantage of MRI is its higher sensitivity and specificity in detecting small hepatic lesions when compared with CT imaging \[[@B5]\]. Even in open liver surgery, small hepatic lesions are not always palpable, but for laparoscopic liver surgeons these lesions are never palpable and a reliable visualisation (i.e. by means of MRI) is indispensable. Considering the visualisation of hepatic vessels, portal vessels are visualised even better by contrast-enhanced CT imaging; however, angiomagnetic imaging should outweigh this disadvantage in the future.

Intraoperative Image Guidance {#sec1_3}
=============================

Ultrasound {#sec2_1}
----------

IOUS as the mainstay of image guidance during liver surgery has been established for almost 30 years. It was first described by Makuuchi et al. \[[@B6]\]. Initially, IOUS mainly provided the opportunity for the liver surgeon to detect hepatic vessels and to determine the transection line. Identification of the middle hepatic vein, which varies in between individuals to quite a large extent, is an essential step in determining the parenchymal transection line for an anatomic right hepatectomy. Up to now, IOUS has been found to be the most reliable imaging modality in detecting (additional) colorectal tumour manifestations. In a prospective randomised study comparing the diagnostic performance of CT scan, MR liver, PET(positron emission tomography)-CT, and IOUS, IOUS showed the highest concordance with postoperative histopathology for the number of liver metastases \[[@B7]\]. The importance of this approach for the patient is underlined by the fact that IOUS findings may lead to a change in the surgical strategy for 7.5-35% of patients \[[@B7],[@B8]\].

Laparoscopic Liver Surgery {#sec2_2}
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Minimally invasive liver surgery is still technically challenging, and therefore the laparoscopic approach is not as widespread in liver surgery as in colorectal surgery. Bleeding within the liver parenchyma is more difficult to control than in surgery of the lower abdomen and results in a high rate of conversion to open surgery. In addition, liver surgeons are usually trained in open surgery, and experienced laparoscopic surgeons are commonly not trained in liver surgery. However, there is an increasing number of publications describing laparoscopic hepatectomy as a safe procedure, with comparable oncological results \[[@B9],[@B10],[@B11]\]. The known advances of laparoscopic surgery such as reduced bleeding, lower morbidity, and reduced hospital stay are also found in minimally invasive liver resections, particularly in patients with liver cirrhosis \[[@B12]\]. Even though major extended hepatectomies are feasible, there is a consensus that the laparoscopic approach should be the standard only for lesions smaller than 5 cm in the left lateral and anteroinferior liver segments (segments 2, 3, 5, and 6) \[[@B13]\]. In addition, it seems obvious that the lack of tactile sensation and the more complex anatomical orientation associated with laparoscopic liver surgery should be compensated for by image guidance.

Since prevention of vascular injury is fundamental, precise knowledge of the vascular anatomy is necessary. This can be achieved by exact preoperative imaging through CT and MR datasets or by intraoperative guidance -- in real time -- during surgery. For an easy application of image guidance during laparoscopic liver surgery it is advisable to use a 'picture in picture' mode on the laparoscopic monitor, allowing one to see both laparoscopic and preoperatively acquired CT or MR or real-time imaging datasets. Real-time image guidance in laparoscopic liver surgery has up to now been based on IOUS. In experienced hands, IOUS can provide adequate guidance for anatomic (i.e. segmental) transection lines. However, deeply located liver tumours cannot be detected by IOUS, which is a strong limitation of this modality. In order to overcome the limitation of IOUS, various research groups have worked on navigation systems for laparoscopic liver surgery using optical tracking systems combined with preoperative CT and MRI datasets \[[@B4]\]. Intraoperative navigation to date means visualising preoperatively acquired, computer-modelled datasets in relation to the real patient and the surgical instruments. In clinical practice, navigation systems with proven value for the liver surgeon are not yet applicable. The rapid spread of hybrid operating rooms equipped with imaging systems allowing intraoperative CT imaging, e.g. by cone-beam computed tomography (CBCT), facilitates the intraoperative detection of lesions located deeply in the liver parenchyma and the identification of vascular structures during laparoscopic liver surgery.

Augmented Reality Guidance during Laparoscopic Liver Surgery {#sec2_3}
------------------------------------------------------------

Augmented reality (AR) in the context of laparoscopic surgery is defined as the overlay of computer-generated images on real-world structures seen on the laparoscopic monitor. In a recent publication by Kenngott et al. \[[@B14]\], a promising approach of real-time image guidance in laparoscopic liver surgery combining an AR software guidance system with intraoperative CBCT was described. In the setting of a modern hybrid operating theatre, intraoperative fluoroscopy and CT images were overlaid with a 3D model of the liver, providing image guidance by AR and allowing the surgeon to find a precise parenchymal transection line with appropriate safety margins (fig. [2](#F2){ref-type="fig"}) \[[@B14]\].

The images generated were then used for AR guidance. By overlaying images on the laparoscopic monitor, the surgeon can accurately see the surgical instruments, the tumour lesion, and the vascular structures. The main advantage of this approach is that it can compensate for real-time soft tissue deformation, which plays a major role in liver surgery and can be considered the main drawback of image-guided approaches relying on preoperatively acquired image datasets. The advantages of intraoperative CT scanning as an image guiding tool in comparison with IOUS image guidance are its ability to detect lesions located deep in the liver parenchyma and its objective reproducibility. Disadvantages encountered so far have been the lack of high-quality images of the liver parenchyma, as described by Kenngott et al. \[[@B14]\]. In practice, an integrated environment, as provided by hybrid operating rooms, is likely to prove necessary.

Fluorescent Imaging and Liver Surgery {#sec2_4}
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With recent advances in intraoperative imaging technologies supplied in high-technology hybrid operating rooms, near-infrared (NIR) fluorescence imaging using indocyanine green (ICG) or methylene blue (MB) as contrast agents has experienced a rapid, renewed attention and expansion. The NIR fluorescence imaging techniques result from ICG or MB binding to plasma proteins emitting light with a peak emission wavelength of 800 or 830 nm when excited with light \[[@B15]\]. Fluorescence laparoscopy setups have been developed and are easier to apply than in open surgery, since a dark environment in the operating room is given. Here, we focus on possibilities to stain liver segments anatomically by NIR fluorescence imaging. This is of major importance against the background of the fact that anatomical liver segment resections have been shown to provide better oncological results than non-anatomical wedge resections \[[@B16],[@B17]\]. To date, identification of the segmental portal branches by IOUS is the standard for identifying liver segment anatomy. In laparoscopic liver surgery, IOUS is much more difficult to perform than in open surgery, and the results are hard to reproduce. As a matter of fact, only few specialised laparoscopic liver surgeons will be able to perform true anatomic liver segment resections under IOUS guidance. We believe that standardised procedures using NIR imaging of liver segments could lead surgeons to perform more accurate anatomic liver segment resections. Kokudo et al. \[[@B15]\] have described a technique by which ICG has to be injected into the portal vein branches while a Pringle manoeuvre is performed. With this technique, exact liver segment anatomy was identifiable in 94% of the patients. However, this presupposes the intraoperative identification of the segmental portal vein branch and therefore represents a proof of principle rather than a true technical advantage for most surgeons.

An interesting and more pragmatic approach within modern hybrid operating rooms providing possibilities of modern angiography might be the insertion of ICG through highly selective catheterisation of liver segment arteries by means of a transfemoral technique. Liver segment visualisation could then be provided within a true interdisciplinary workflow between surgeons and radiologists. Most notably, the patient with a malignant liver lesion would benefit from an exact segmental liver resection, leading to better long-term survival.

Conclusion {#sec1_4}
==========

Various image guidance techniques for pre- and intraoperative oncological liver surgery have been described. Reliable real-time image guidance is expected to become an essential technique in the future, particularly in laparoscopic liver surgery. From our point of view, AR guidance and fluorescent imaging in the setting of a modern hybrid operating theatre are promising approaches to achieve the balance between best oncological outcome and a surgical technique minimising harm to the patient in laparoscopic liver surgery.
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